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Abstract 
The physiological reaction and mental action of a human body was observed for four different sports surfaces and for clothing 
of six different colours during exercise to gain a better understanding of human thermal conditions outdoors. The radiative 
properties of each surface and clothing were determined before the experiments; thus, human thermal load including 
environmental conditions was calculated. Different radiation properties were quantitatively determined to affect human thermal 
load; in addition, one type of functional sportswear prototype for reducing thermal load by property modification was evaluated. 
Subjective results indicate that for future clothing design, other thermal properties have to be considered along with the 
radiative properties. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Centre for Sports Engineering Research, Sheffield Hallam University. 
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1. Introduction 
The thermal environment is one of the most important factors determining human performance. For example, 
Nakamura (2013) found a connection between heat-related disorders and changes in climatic conditions in Japan. A 
possibility of a hot environment having non-lethal effects on humans is easily recognized. Dugas (2010) showed 
that sports performance reduced in extremely hot environments because of human thermoregulation that maintains 
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the body temperature below the critical temperature. As mentioned by Fanger (1973), the thermal conditions of the 
human body can be well described by employing the notion ofhuman energy balance; therefore, the authors have 
attempted to understand human energy balance under different environmental conditions. Human energy balance is 
affected by multiple factors such as radiation, heat convection, and inner heat production. Radiative heat transfer is 
especially important in outdoor scenarios, and our environment is made up of various materials such as ground 
surface and clothing. Therefore, the properties of these materials may strongly affect our thermal condition and 
outdoor performance. However, to date, only few research studies have quantitatively addressed the relationship 
between the human thermal conditions and thermal environment in the proximity of a human body. The present 
study was conducted to gain a better understanding of outdoor human thermal conditions in different radiative 
environments. The practical goal pursued by the present study was to establish better sports environments even in 
hot seasons by modifying the materials surrounding the humans. 
2. Experiments 
Field measurements were performed to grasp the relationship between human thermal conditions, human 
thermal perception, and thermal properties in the proximity of a human body. The sports materials considered in 
this study were (1) sports surface materials and (2) clothing materials. First, the properties of the materials were 
determined. Measurements were performed to determine the radiative properties of sports surfaces such as an 
asphalt road, an athletic field, a football field, and a tennis court (Fig. 1), as well as clothing materials made of 
black, blue, green, red, white, and yellow colour cotton. The materials considered were typical sports materials. To 
analyse the heat stress of the human body, the surrounding weather factors and the physiological response of the 
human body were measured.  
2.1. Measurements of material properties 
In architecture or civil engineering, field measurements of albedo typically involve the use of a radiometer for 
measuring the incident and reflected radiant fluxes; the measurement process used in the present study conformed 
to the ASTM-E-903 standard, as was shown by Prado (2005).  
2.1.1. Properties of ground surfaces 
Field measurements of solar reflectance from four different sport surfaces were performed in an open space 
during summer. The net radiometer (EKO MR-60) was located above the surface, and global solar radiation Sp 
[W/m2] and reflected solar radiation Sn [W/m2] were measured in 1-min intervals. Because all surfaces were 
sufficiently large and uniform, the surface reflectance Usur [N.D.] could be calculated as the ratio of reflected to 
global solar radiations: 
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Fig. 1. Measurement sites: (a) asphalt road; (b) athletic field; (c) football field; (d) tennis court. 
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2.2. 2. Properties of clothing materials 
The radiative properties of clothing materials such as reflectance, transmittance, and absorptance were 
expressed as explained below. Considering the uniformity of outdoor measuring points, the solar reflectance of 
clothing was expressed as 
        (2) 
where ȡclo is the true reflectivity of the clothing [N.D.], ȡclo-obs is the apparent reflectivity of the clothing [N.D.], 
ĳclo is the radiation configuration factor [N.D.], and ȡother is the apparent reflectance of the surrounding surface 
covering the material [N.D.]. The apparent reflectivity was obtained as the ratio of the global solar radiation Sp to 
reflected solar radiation, measured using the same radiometer. When calculating the radiative heat transfer between 
surfaces, knowledge of geometric relations was needed to determine how the surfaces view each other. In this 
context, the configuration factor of a clothing material was determined by the specimen diameter and the distance 
between the radiometer and the specimen, and its value was 0.70. 
The transmittance Ĳclo [N.D.] was calculated as the ratio of the transmitted solar radiation S¶Ļ[W/m2] to global 
solar radiation SĻ, and was expressed as 
          (3) 
Three radiometers were used at the same time, and SĻ was measured without clothing, whereas S¶Ļ was 
measured with clothing at the top of the tube. Solar absorptance Įclo [N.D.] was calculated based on the energy 
conservation law, and was expressed as 
Dclo = 1ˉ Uclo ˉ Wclo         (4) 
Throughout the experiments, the effect of the PVC tube was negligibly small because the thickness was 
sufficiently large. The measured objects were made of 100% cotton and were of six different colours; all measured 
objects had the same thickness of 0.3 mm. Because the ASTM measurement standard requires the solar zenith 
angle to be less than 15°, the experiment was performed during summer, on sunny days, around noon. 
2.3. Effects of surrounding materials on human thermal condition (subject experiment) 
The experiment was performed with human subjects in whom the physiological reactions and mental actions of 
the human body were observed. Four different sports surfaces and clothing materials of six different colours were 
used. The surrounding weather factors and the physiological response of the human body were measured. The 
global solar radiation, reflected solar radiation from the ground, infrared radiation from the atmosphere and ground 
(EKO MR-60), air temperature (Pt-100 resistance), wind speed (ultrasonic anemometer), humidity (capacitance 
hygrometer), and ground temperature (thermo couple) were measured in 1-min intervals. Subjects were asked 
whether they experienced any thermal sensation, and if so, whether they experienced it as comfort or discomfort. 
The subjects were also instructed to note their mental reactions every 2 min on a fixed report that employed a 7-
point scale, as proposed by ASHRAE. Sensors (thermistors; at seven points on the skin; sublingual) were installed 
15 min before the measurements began, at which point the subjects had become accustomed to the initial state. A 
heart rate meter and exhaled gas analyzer were also installed at this time. The experiments were performed for 50 
min, including 10 min of rest before and after 30 min of walking exercise at velocities of 0 m/min (= standing), 55 
m/min, and 167 m/min in summer outdoor conditions. The clothing insulation was 0.33 clo throughout the 
experiment. Human thermal conditions were assessed by using a human thermal load index, which was proposed 
by Shimazaki (2011) for outdoor environments. The human thermal load is in itself the heat flux in a given 
condition and is calculated from Equation (5) as the remaining amount of each item of energy balance. It is an 
objective value based on an energy balance formula for the human body that incorporates varying degrees of 
physiological factors: 
Q  = M – W + Rnet – E – C         (5)  
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where M quantifies the metabolism by Weir (1949) proposed variable [W/m2], W is the workload [W/m2], Rnet is 
the net radiation [W/m2], E is the latent heat loss [W/m2], and C is the sensible heat loss [W/m2]. In a steady state 
and even in an unsteady state with its variations in weather and human factors, the thermal condition can generally 
be obtained by using the overall human thermal load. In the net radiation term Rnet, the amount of heat is composed 
of short-wave radiation and long-wave radiation. The radiative properties of surface and clothing affect Rnet. The 
research was conducted during a hot season, with approval from the Research Ethics Committee of Okayama 
Prefectural University. 
3. Results and application 
3.1. Material properties 
The reflectance results obtained for four different types of sport surfaces are listed in Table 1. The reflectance, 
transmittance, and absorptance obtained for different clothing materials are listed in Table 2. The reflectance is the 
ability of a material to reflect solar energy from its surface back into the atmosphere; otherwise, solar energy is 
absorbed in any way. In general, dark coloured materials have low reflectance values and reflect little energy while 
absorbing a lot of heat energy, whereas light colours have high reflectance values and reflect a lot of energy while 
absorbing little energy (Tables 1 and 2). With regard to surface properties, the black coloured asphalt surface had 
the lowest reflectance (10.1%), and the green coloured football field grass surface had the highest reflectance 
(17.9%). Humans receive the reflected solar radiation according to the surface reflectance. This can affect human 
thermal conditions, probably because of a strong solar radiation. With regard to clothing properties, the reflectance 
values tended to be high for white colour clothing (42.1%) and low for black colour clothing (17.2%), according to 
colour brightness. The transmittance values were almost the same among the materials of six different colours 
because the porosities were almost the same. The resulting absorptance was the highest for the black colour and 
smaller (in the order of decreasing absorptance) for red, blue, green, yellow, and white colours.  
     Table 1. Radiative property of sports surfaces. 
Sports field Reflectance (%) 
Asphalt road  10.1 
Athletic field (Red tartan turf) 15.9 
Football field (Grass) 
Tennis court 
17.9 
13.6 
     Table 2. Radiative properties of clothing materials. 
Clothing colour Reflectance (%) Transmittance (%) Absorptance (%) 
Black 17.2 14.3 68.5 
Blue 24.5 13.2 62.3 
Green 
Red 
White 
Yellow 
24.5 
27.9 
42.1 
34.7 
13.7 
9.8 
6.1 
8.3 
61.8 
62.3 
51.8 
57.0 
 
     Table 3. Weather conditions for subject experiments. 
Air temp. Humidity Wind speed Solar radiation Infrared radiation 
31.0 °C 53.9 % 0.9 m/s 704 W/m2 522 W/m2 
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3.2. Human thermal conditions in radiative environment 
Human thermal conditions on each sports surface were analysed based on human thermal load, as shown in Fig. 
2. For reference, the average weather conditions are listed in Table 3. The same sportswear with the same colour 
was used in the experiments. The overall human thermal load and the amount of net radiation vary according to the 
weather condition; however, the strong impact of radiation can be seen. The amount of net radiation accounted for 
91% of the overall human thermal load when walking at 0 m/min, for 71% when walking at 55 m/min, and for 
30% when walking at 167 m/min. Normally, the extent of human thermal load tended to increase with increasing 
solar reflectance. This is because the amount of human thermal load was mainly affected by net radiation including 
the radiative effects of surface and clothing properties. Because the metabolism increased during the exercise, the 
relative impact of radiation heat transfer decreased. However, human subjects kept receiving the radiation heat 
steadily and the amount was of the order of 102. 
The experiment with clothing of different colours on the same grass surface was performed in a similar manner 
throughout the year. Figure 3 shows the relationship between the human thermal load and human thermal sensation. 
During human thermal load calculation, radiative properties of clothing materials were considered, and human 
thermal load was different from what could be obtained using the existing calculation approach. In fact, the 
correlation coefficient (current |r| = 0.82) increased slightly compared to that calculated using the existing approach, 
without radiative properties on the same data, because the quantities that represent the amounts of absorbed heat 
from direct solar radiation and reflected solar radiation were modified according to the material absorptance.  
3.3. Examination of functional sportswear from consideration of heat transfer around human body 
The advantages of the functional sportswear prototype for reducing human thermal load were examined from 
the perspective of maintaining human thermal conditions. The prototype was termed ‘Reflection of Radiation (RR)’ 
and was compared with conventional sportswear that was termed ‘Basic (BA)’. The experiment was performed for 
45 min with bicycle ergometry in an artificial climate chamber (30 °C, 50% R.H., calm, 1020 W/m2 short-wave 
radiation, 646 W/m2 long-wave radiation). After 10 min of rest, a subject performed 50 W of physical activity for 5 
min, followed by 75 W of activity for 5 min, and another 100 W of activity for an additional 5 min. After the 
exercise, the subject recovered for 15 min. In most aspects, the measured quantities were similar to the results of 
field experiments described above. One result is shown in Fig. 4. During the rest period (0 to 10 min), changes in 
the skin temperature and thermal sensation were similar for both RR and BA. After the beginning of the exercise, 
RR and BA showed similar transition tendencies for the skin temperature and thermal sensation; however, the 
values of BA seemed to be representatively lower. After recovery, the gaps between BA and RR remained. BA 
was 0.56 mm thick, and RR was 0.73 mm thick, which means that RR kept the heat under clothing, especially 
during the exercise that was characterized by inner heat production. As shown in Fig. 2, during high physical 
activity, metabolism has stronger impact on the human thermal condition as compared to net radiation. This 
indicates that in future clothing design, radiative properties as well as additional thermal properties must be taken 
into account considering the intensity of activity. 
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Fig. 2. Human thermal load for each experimental condition (n = 20).      Fig. 3. Human thermal load for each experimental condition (n = 58). 
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Fig. 4. Temporal changes of skin temperature and thermal perception (n=8). 
4. Summary 
Because the human thermal condition is known to be well related to human energy balance, the present study 
addressed human energy balance in different outdoor radiative environments during the hot season. 
Solar radiative properties of ground surfaces such as an asphalt road, an athletic field, a football field, and a 
tennis court, and properties of clothing of different colours were determined for quantification of different 
environments. Regarding the surface properties, the black coloured asphalt surface had the lowest reflectance, and 
the green coloured football field grass surface had the highest reflectance. Regarding the clothing properties, the 
reflectance values tended to be high for white coloured clothing and low for black coloured clothing, according to 
the colour brightness. The transmittance values were almost the same among the materials of six different colours 
because the porosities were almost the same. As a result, the absorptance was the highest for the black colour and 
smaller (in the order of decreasing absorptance) for red, blue, green, yellow, and white colours. 
The physiological reaction and mental action of the human body were observed, and the thermal condition or 
sensation were analysed based on human thermal load for four different sports surfaces and six different clothing 
colours during exercise. The amount of human thermal load was mainly affected by net radiation including the 
radiative effects of surface and clothing properties. The authors could obtain satisfactory information from the 
modified calculation approach with radiative properties. A functional sportswear prototype for reducing radiative 
human thermal load was examined as well, driven by the desire to maintain the human thermal condition and 
performance; however, more detailed studies that address additional modifications of thermal properties remain to 
be performed in the future. 
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